Acetylcholine has been shown to have an effect on the action potentials of mammalian atrial muscle, the sinoatrial and the atrioventricular nodes, and on the action potential of frog ventricles (1-4). On the other hand, the action potential of mammalian ventricle has been found to be highly resistant to acetylcholine. Only very slight changes were noted in the presence of enormous concentrations of the drug (4-6).
Acetylcholine has been shown to have an effect on the action potentials of mammalian atrial muscle, the sinoatrial and the atrioventricular nodes, and on the action potential of frog ventricles (1) (2) (3) (4) . On the other hand, the action potential of mammalian ventricle has been found to be highly resistant to acetylcholine. Only very slight changes were noted in the presence of enormous concentrations of the drug (4) (5) (6) .
The purpose of this communication is to present electrocardiographic evidence indicating a) that acetylcholine exerts a consistent effect on repolarization of the ventricles in the intact dog and that this effect is independent of the heart rate, ventricular arrhythmias, and atrioventricular (AV) or intraventricular conduction delays, and b) that the effect of acetylcholine on repolarization is augmented by increasing the level of plasma potassium (K).
Methods
Eleven experiments were performed with seven mongrel dogs weighing 10 to 14 kg. The animals were anesthetized with either pentobarbital, 30 mg per kg iv, or a combination of morphine sulfate, 2.5 mg per kg im, followed by pentobarbital, 15 mg per kg iv. Ventilation was maintained through the use of a Harvard respirator. A bilateral cervical vagotomy was performed, and an arterial catheter was placed just above the aortic valves. Blood pressure was continuously recorded through a Cournand needle in the femoral artery. The entire experiment was monitored with an oscilloscope, and permanent records were obtained with a direct-* Submitted for publication January 10, 1964 ; accepted May 15, 1964. Supported by the Herman C. Krannert Fund, the Indiana Heart Association, Indiana State Board of Health, in part by U. S. Public Health Service training grant 5363, and in part with facilities provided by cardiovascular clinical research grant H-6308 from the National Heart Institute, U. S. Public Health Service.
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writing electrocardiograph using standard lead II connections. Frequent determinations of arterial plasma K were made with a Beckman flame photometer.
Increasing amounts of acetylcholine were injected through the catheter for 15 seconds until a total amount was reached that consistently induced second or third degree AV block. With an electric interval timer this amount of acetylcholine was then given every 2 minutes without interruption throughout the experiment. Four to eight injections of this dose were made in normokalemic dogs, and the effect on the duration of R-R, Q-T intervals and the amplitude of the T waves was measured before the appearance of AV block and after AV block appeared. ST-T segment position and configuration were also observed. The plasma K levels were then elevated by the infusion of a buffered isotonic (155 mEq per L) solution of K phosphate in distilled water administered at a rate of 0.5 to 1.0 mEq per minute through a femoral vein catheter. The effect on the ECG was evaluated as above with acetylcholine injection in these hyperkalemic animals. As a control study, identical experiments were carried out with the substitution of isotonic buffered sodium phosphate for the K solution.
Results
The amount of acetylcholine that was administered averaged 0.295 mg per 15-second injection, with a range of 0.096 to 0.955 from experiment to experiment. As pointed out in an earlier communication, this variation from experiment to experiment may have been due, among other factors, to the placement of the catheter in relation to the coronary ostia resulting in unequal perfusion of the two coronary arteries (7, 8) .
In 8 of 11 experiments, when the plasma K was normal, acetylcholine had a definite effect on the amplitude of the T wave of the ECG within 5 to 10 seconds after the start of injection and before the appearance of AV block (p < 0.01). In the remaining three experiments (274, 275, 276-1), before appearance of AV block no change in height of T wave was measurable, but a change 1769 The alteration in T wave was independent of blood pressure and the R-R interval. There was no significant change in the Q-T interval.
In seven experiments AV block was produced by acetylcholine at both normal and elevated plasma K levels. The acetylcholine effect on T-wave amplitude during AV block was also consistently augmented by increased plasma K levels (p < 0.05).
In three experiments acetylcholine injection resulted in a shift of the ST segments. These changes were accentuated by elevation of plasma K.
The effect of acetylcholine at different K levels on the heart rate, amplitude of the T waves, Q-T interval, and blood pressure for all 11 experiments is presented in Tables I and II . Figure 1 (experiments 277, 276, 285) is an example of the effect of acetylcholine on the T wave in two normokalemic animals (276, 285) and in one in which the plasma K was elevated (277). The strips on the left show the ECG before injection of acetylcholine. The ones on the right were recorded during the injection of acetylcholine and immediately before the appearance of AV block. An increase in amplitude of T waves is noted in all three strips. In addition a prolongation of P-R interval is evident. In experiments 266 and 285 the P wave became diphasic and the P-Ta segment elevated. No change in shape or duration of QRS nor any measurable change in the duration of the QT interval was observed. This figure also demonstrates that the effect of acetylcholine on the T wave is independent of the heart rate. In addition to the previously described effect of acetylcholine when the plasma K is normal (top tracing), the augmentation of the acetylcholine effect on the T wave at an elevated plasma K level is demonstrated. The accentuation of the T-wave amplitude is evident before and after appearance of acetylcholine-induced AV block. The heart rate during AV block was the same in all three injections. The most marked T-wave change is evident at a plasma K level of 8.4 mEq per L with lesser alterations at a plasma K of 6.6 mEq per L. The alteration of P and Ta segment also is most pronounced at the higher plasma K level. The changes described in Figure 2 are presented in greater detail in Figure 3 , where rows A, B, C, and D are representative sections of tracings recorded before acetylcholine injection, just before the appearance of AV block, during the AV block, and immediately after disappearance of the block.
In Figure 4 the strips shown in rows A, B, and C were recorded at the start, at the end, and 10 seconds after infusion was stopped. Experiment 282 shows that with elevation of plasma K to 7.8 mEq per L acetylcholine accentuates the biphasic nature of the T wave (row B). Experiment 279 is an example of an observation made in 3 of the 11 experiments in which acetylcholine, in addition to increasing the height of the T wave, shifted S-T segment. This elevation was most striking when the plasma K was raised.
Discussion
The data show that acetylcholine when injected just above the aortic valves of the normokalemic dog had a measurable effect on the amplitude of the T wave of the surface ECG in 8 of 11 experiments, and in 3 the configuration of the T wave changed. The measurement of the T-wave amplitude during infusion of acetylcholine is at times difficult because of the appearance of Ta segment, a shift of J point, and alteration in contour and position of ST segment. In each experiment the effect of acetylcholine on the T wave was augmented by increasing the plasma K level. T-wave changes may be due either to altered conduction velocity or to primary change in the duration of repolarization. In our experiments the configuration and duration of the QRS remained unchanged, and for this reason the alteration in height and configuration of the T wave is primary and indicative of accelerated repolarization. The variation in magnitude of T-wave change from experiment to experiment may be due to an uneven effect of acetylcholine on repolarization of the ventricle.
The failure of the QT interval to change in our experiments might result from uneven perfusion of the myocardium or, if perfusion were uniform, from an inhomogeneous effect on repolarization (9, 10) of the ventricle. The failure to register change of the Q-T interval, on the other hand, may be due to lack of sufficient sensitivity and fine resolution of the recording instrument. It should be noted, however, that the Q-T interval did not increase despite reduction of the heart rate due to AV block.
Although the surface ECG does not give precise information as to the electrical behavior of the cell, it is the differential quotient of the monophasic action potentials of the cardiac fibers (11-13); thus, our results might be assumed to indicate an effect of acetylcholine on the mammalian ventricle. As suggested by Hecht (13) , alteration of R-T junction and RS-T segment may be related to change in the first phase of recovery and alteration of the T wave to modification of the duration of the slope of the final recovery process (phase 3).
The clear demonstration of the effect of acetylcholine on repolarization in our experiments is in contrast to observations of previous workers.
The discrepancy can perhaps be explained by the technique of intracoronary injection in the intact animal. The possibility must also be considered that, in the intact animal, liberation of other effector substances such as catecholamines from the stores within the heart itself contributed to ST-T changes observed in our experiments (14) . It may also be that for an acetylcholine effect on the action potentials of ventricle to become manifest, the proper K environment needs to be present. If acetylcholine affects the repolarization phase of the action potential by increasing K permeability, the importance of sufficient K is implied (15-19) .
